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Abstract  70 
Background: Retained central venous catheter guidewires are never events. Currently, 71 
preventative techniques rely on clinicians remembering to remove the guidewire. 72 
However, solutions solely relying upon humans to prevent error inevitably fail. A novel 73 
locked procedure pack was designed, to contain the equipment required for completing 74 
the procedure after the guidewire should have been removed: suture, suture holder and 75 
antimicrobial dressings. The guidewire is used as a key to unlock the pack and to access 76 
the contents, thereby the clinician must remove the guidewire from the patient, in order 77 
to complete the procedure. 78 
Methods: A randomized controlled forced-error simulation study replicated catheter 79 
insertion. We created a retained guidewire event, and then determined whether 80 
clinicians would discover it, comparing standard practice against the locked pack.  81 
Results: Guidewires were retrieved from 2/10 (20%) standard v 10/10 (100%) locked 82 
pack, n=20, P<0.001. In the locked pack group, participants attempted to complete the 83 
procedure, however, when unable to access the contents, this prompted a search for the 84 
key (guidewire). Participants discovered the guidewire within the catheter lumen, 85 
recovered and utilized it to unlock the pack, and finished the procedure. A structured 86 
questionnaire reported that the locked pack also improved subjective safety of central 87 
venous catheter insertion and allowed easy disposal of the sharps and guidewire 88 
(10/10). 89 
Conclusions: The locked pack is an engineered solution designed to prevent retained 90 
guidewires. Utilizing forced-error simulation testing, we have determined that the 91 
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locked pack is an effective preventative device, and is acceptable to clinicians for 92 
improving patient safety.   93 
 7 
Manuscript  94 
Introduction 95 
Central venous catheters are used in healthcare for monitoring and 96 
administering medications. More than 5 million central venous catheters are placed 97 
every year in the United States (US).1 The standard technique for central venous 98 
catheter insertion is the Seldinger method however, it is associated with guidewire 99 
retention, which can cause complications such as arrhythmia, thrombosis, cardiac 100 
perforation and tamponade.2 Retained guidewires have an incidence of 1:3291 101 
procedures,3 a reported mortality of up to 20%,2,4 and are considered a ‘never event’ in 102 
the US and United Kingdom.5,6 Therefore, they are regarded as preventable errors, 103 
which should not occur.5,6 Case reports of retained guidewire events in the literature 104 
describe reasons for the error as inattention,7,8 distraction,9 inexperience,7 inadequate 105 
supervision,7,9 high workload9 or staff fatigue.8 The authors conclude that guidewire 106 
retention is preventable with appropriate re-training of staff by highlighting the 107 
importance of guidewire removal,2,10 by using a two-person approach,10,11 by 108 
introducing a checklist,11 by checking the trolley after the procedure,12 by ensuring the 109 
clinician grips the proximal end of the guidewire at all times,8 by not inserting the 110 
guidewire beyond 18cm13 and having active senior supervision at all times with trainee 111 
doctors.9,11 Despite these suggestions, the incidence of retained guidewires continues to 112 
rise and are reported twice a month in the NHS.14 These measures do not reliably 113 
prevent the error, because they are reliant on the human operator remembering to 114 
perform the safety check.15 Humans are fallible and prone to mistakes. Solutions which 115 
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rely solely on the operator preventing mistakes are unlikely to be completely effective. 116 
The transport and energy industries routinely use safety engineering to modify their 117 
equipment and design errors out of the system.16 In healthcare, for single procedures 118 
with specific known errors, it may be possible to use safety engineering to modify the 119 
equipment, to ensure the operator conducts the procedure by the safest method. We 120 
aimed to engineer a safety solution to prevent the error of retained guidewires 121 
(appendix 1). The solution was tested in a forced-error simulation study, with operators 122 
who had no experience of the solution. The design of the simulation study was based on 123 
real never event cases reported to NHS England’s national reporting database.17 Forced-124 
error simulation techniques are used in the transport and energy industries to test 125 
safety solutions to rare errors, such as air bags in cars or emergency switches in airline 126 
cockpits.18,19 This technique manipulates the simulated environment to make a rare 127 
incident very common, in order to allow preventative solutions to be tested. The 128 
participant is initially ‘forced’ into making the error, and then it is determined whether 129 
the intervention makes the participant recognize the error and subsequently correct the 130 
mistake. For rare errors, occurring in one in several thousand procedures, forced-error 131 
simulation is a validated, safe, repeatable and inexpensive test methodology.18,19  132 
The primary outcome was incidence of guidewire retention at completion of 133 
central venous catheter insertion.   134 
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Materials and Methods 135 
Ethical approval to conduct the research was granted by the University of Cambridge. 136 
The institutional research and development review board approved the simulation 137 
study that was conducted at the Queen Elizabeth Hospital, Kings Lynn on a single day on 138 
4th September 2015 to ensure confidentiality of study design between participants. 139 
Volunteers were requested and self-selected on a single day from the operating room, 140 
the intensive care unit and the general medical and surgical wards. All volunteers were 141 
capable of independent central venous catheter placement (n=20, none excluded) 142 
(figure 1a). Signed, informed consent was taken from all participants, who were 143 
qualified medical doctors at various degrees of seniority (foundation trainee to 144 
consultant level; equivalent to intern to attending physician in US parlance). Participants 145 
were randomized to standard practice or locked pack by sealed envelope 146 
randomization. Twenty identical envelopes were sealed with control (n=10) or 147 
intervention (n=10) indicated on paper within and shuffled into a random order. 148 
Immediately prior to a participant entering the scenario room, the data collection team 149 
(blinded to the participant’s identity) opened an envelope and set up the procedure 150 
trolley appropriately.  151 
A scenario was described to the participants using a standardized script prior to 152 
entering the room. The scenario outlined was that a colleague had been urgently called 153 
away, part way through a routine central venous catheter insertion on a clinically stable 154 
patient. Participants were asked to assess the situation, complete the procedure safely 155 
and perform any additional safety checks prior to approving the central venous catheter 156 
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for use. The simulation utilized a manikin model (Laerdal, Gatesville, USA) adapted for 157 
central venous catheter insertion and was covered with standard blue surgical drapes 158 
(Vygon, Swindon, UK) with a clear window for central venous catheter insertion. A 159 
central venous catheter (Arrow International Inc., Reading, UK) was placed in the right 160 
internal jugular vein, with the guidewire clearly visible in the transparent portion of the 161 
catheter lumen, adjacent to the luer hub (figure 1b).  The guidewire was easily 162 
retrievable, if recognized, with fingertips or artery forceps, which were provided upon 163 
request. The manikin was connected to an ECG monitor, which displayed ectopic beats 164 
and an ultrasound machine was available for use if required. A trolley with the 165 
equipment required to perform central venous catheter insertion (Rocialle, South Wales, 166 
UK) was positioned to the right of the patient. Equipment was arranged depending on 167 
participant randomization to standard practice or locked pack group. An assistant was 168 
available to help the participant if required and answer questions. If participants 169 
specifically asked about the location of the guidewire, the assistant stated that they had 170 
not seen it. If asked about the ectopic beats, the assistant stated these had commenced 171 
during the procedure. In the control group, participants entered the room, assessed the 172 
situation and proceeded to secure the central venous catheter in place and apply the 173 
dressings. Upon completing the procedure to their satisfaction and safely disposing of 174 
the equipment, participants were asked whether they would perform any additional 175 
safety checks prior to using the central venous catheter. Participants randomized to the 176 
locked pack group, entered the room, assessed the situation and proceeded to secure the 177 
central venous catheter in place. The assistant did not explain how to use the locked 178 
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pack. If participants specifically asked, the assistant stated that the locked pack was a 179 
new safety initiative, but were unsure of its purpose or how to use it. Instructions on the 180 
locked pack indicated that the guidewire should be inserted and lifted to open. At the 181 
end of the procedure, participants randomized to the locked pack group were given a 182 
structured verbal questionnaire, asking their opinion of the locked pack in terms of 183 
subjective safety of procedure, convenience, sharps disposal and guidewire disposal (all 184 
categorized as better, same, or worse). 185 
 186 
Statistical Analysis 187 
We calculated a power of 0.87 for a statistical significance of 0.05 and for n=10 to detect 188 
a 50% absolute difference in proportions, and used a two-tailed Fisher’s Exact test to 189 
analyze the data (GraphPad.com). The criterion for statistical significance was 0.05. 190 
  191 
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Results  192 
The standard group consisted of 4 females (aged between 23-60 years), 6 males (aged 193 
between 24-60 years) of which 4 were senior and 6 were doctors in training posts. The 194 
locked pack group consisted of 3 females (aged between 25 – 40 years), 7 males (aged 195 
between 25 years to 60 years) of which 3 were senior and 7 were doctors in training 196 
posts.  Use of the locked pack prevented guidewire retention at completion of central 197 
venous catheter insertion. Guidewire retention was prevented in 2/10 (20%) standard v 198 
10/10 (100%) locked pack, n=20, P < 0.001. In the standard group 80% (8/10) of 199 
participants failed to recognize the guidewire in the catheter lumen. They secured the 200 
central venous catheter, applied the dressings and were satisfied that they had 201 
completed the procedure correctly. In the locked pack group, 2 participants recognized 202 
the guidewire in the lumen. Those that did not (8/10) attempted to complete the 203 
procedure.  However, inability to access the equipment inside the locked pack triggered 204 
a search for the guidewire by the participant. Participants searched the trolley, floor and 205 
sharps bin before looking at the central venous catheter, and finding the guidewire 206 
within the catheter lumen. All participants in the locked pack group were able to remove 207 
the guidewire, use it to open the locking mechanism (opening procedure took <10s in all 208 
cases) and finish the procedure. The structured questionnaire of the locked pack group 209 
reported that it improved the safety and convenience of central venous catheter 210 
insertion and allowed easy disposal of the sharps and guidewire (10/10).  211 
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Discussion  212 
A retained central venous catheter guidewire is never event, which affects patients, 213 
clinicians and hospitals. The reasons for retained guidewires are well documented in the 214 
literature and preventative approaches traditionally include appropriate re-education 215 
and re-training of staff when the error occurs and highlighting the importance of 216 
guidewire removal.2,10 However, “re-education and training is only as good as the length 217 
of time that clinicians remember to do it”15 therefore this solution necessitates repeated 218 
episodes of training and often a cycle of recurrent mistakes. Other suggestions are that 219 
loss of the guidewire is preventable with a two-person approach, or with a second 220 
person witnessing guidewire removal.10,11 Requiring two individuals to perform a 221 
procedure is both time and cost ineffective, and not always possible in a busy hospital 222 
environment without frequent delays to every central line insertion. Furthermore, in 223 
terms of rare events, after thousands of procedures with no errors, this leads to creeping 224 
complacency by both individuals, with each individual relying on the other to conduct 225 
the procedure correctly and leading to unclear accountability.12 Several reports suggest 226 
having active supervision by senior staff at all times during procedures.9,11 However, a 227 
number of cases report guidewire retention, despite adequate senior supervision9 and 228 
this solution does not address the cases when very experienced senior clinicians make 229 
this mistake.9 230 
Another common suggestion is that guidewire retention is preventable if the clinician 231 
grips the proximal end of the guidewire at all times8 or ensures that they do not insert 232 
the guidewire beyond 18cm.13 However, it is difficult to always ensure that clinicians act 233 
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in this way, especially when the lone operator is single-handedly manipulating 234 
equipment or when distractions or clinical emergencies occur.2,16 Other suggestions 235 
have included, introducing a checklist for central venous catheter insertion, requiring 236 
the documentation of guidewire removal11 or checking the trolley after the procedure.12 237 
Similarly, these measures are reliant on the clinician remembering to perform the safety 238 
step, and are prone to fail.  239 
Safety and human factors principles demonstrate that sole reliance on humans to 240 
prevent error inevitably fail.16 Therefore, rather than introducing complex protocols, 241 
which require the clinician to remember to perform the safety action, the best method is 242 
to introduce engineered safety systems which allow the operator to perform their job 243 
safely and prevent the error. Human factors engineering is used in the energy and 244 
transport industries to promote safe practice by anticipating error and re-designing 245 
equipment to minimize mistakes.20 This is possible in healthcare with an understanding 246 
of the procedure, operator and working environment.21 If guidewire retention is 247 
immediately recognized, the guidewire often remains within the catheter lumen.17 At 248 
this stage, retrieval is almost always possible by clamping artery forceps at the skin level 249 
to the catheter and enclosed guidewire and removing enblock,9 reversing the potential 250 
of further migration and embolization. In this study, use of the locked pack prevented 251 
guidewire retention when compared with standard practice. Use of the locked pack 252 
forced participants to recognize guidewire retention, as they were unable to complete 253 
the procedure without it, and ensured the guidewire was removed each time. The locked 254 
pack was also found to be intuitive to use, as all participants, despite being naive to the 255 
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device were able to understand how to use the device. All participants took less than 10 256 
seconds to utilize the guidewire to unlock the mechanism and access the contents. An 257 
interesting observation in the locked pack group was the participant’s behavior when 258 
searching for the guidewire. Participants initially searched the trolley, floor and sharps 259 
bin, and finally looked at the central venous catheter lumen. This highlights that the 260 
error of a retained guidewire is a low possibility in the clinician’s mind. Commonly 261 
proffered solutions in this context include reiteration and emphasis of the importance of 262 
guidewire removal. Forcing awareness of a rare error into the mind of the operator 263 
increases cognitive load and has the potential to detract awareness from other central 264 
venous catheter complications, such as pneumothorax, arterial puncture, dysrhythmias, 265 
air embolism.22 The locked pack aided the participant to recognize the error at an easily 266 
correctable point during central venous catheter insertion, without adversely interfering 267 
with the procedure. In clinical practice, the locked pack would ideally be incorporated 268 
and supplied as part of the central line insertion sterile pack.  269 
The design of the simulation study was based on real never event cases reported 270 
to NHS England’s national reporting database17 and was performed in such as way as to 271 
‘force’ the error to occur within the scenario. Critics of forced-error simulation may 272 
argue that the simulation scenario was unrealistic and the locked pack should be tested 273 
replicating routine clinical practice. However, for an error that occurs in 1:3291 274 
procedures, a power calculation (GraphPad.com) shows that a total of 12,000 275 
participants would be required for the study if one were to test the device replicating 276 
routine clinical practice. To contextualize this, there are 13,955 Anesthetists in the UK.23 277 
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Replicating routine clinical practice is therefore an impractical vehicle to test a safety 278 
solution for a rare error, in a safe, repeatable and inexpensive fashion.  Therefore the 279 
most cost-effective and practical approach to testing rare errors, is to evaluate the 280 
intervention in a forced-error simulation, hence the current scenario was used, which 281 
was based on real case events. The energy and transport industries are often called the 282 
high reliability industries,24 due to their adoption of a human factors safety culture and 283 
their high safety records. In these industries, similar solutions are tested with forced-284 
error simulation, replicating rare errors to analyze operator behavior and improve or 285 
test new safety measures.25 For example, in the car industry, this approach has been 286 
used in airbag deployment testing. Industry standards require the replication of the 287 
driver being forced into common car crash positions in order to test the effectiveness of 288 
the safety technology, in this case air bags.18 It is impossible to test the ability of 289 
equipment designed to improve safety during car crashes, without crashing the car. One 290 
could perform routine practice, by simply driving the car for thousands of hours and 291 
waiting for a crash to occur before determining the safety of the equipment. However 292 
this is unsafe, expensive and time inefficient. Therefore, the manufacturer forces car 293 
crash scenarios, testing the efficacy of the equipment in a repeatable forced-error 294 
simulation. Lessons from industry indicate that it is more cost effective to systematically 295 
design methods to test safety interventions, where the scenarios are designed to align 296 
the latent causes of failure, to make a rare event more common26 – an extrapolation of 297 
Reason’s Swiss Cheese Model.27 This engineered sensitization of enhanced risk also 298 
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removes variability in operator performance and procedure context that may modulate 299 
outcome, and thus provides a more tractable context for assessing the intervention. 300 
Despite the majority of reported retained guidewire incidents being single 301 
catheter insertions (97.5%),17 another criticism of the locked pack may be that is does 302 
not prevent the rarer event in which two or more catheter packs are opened. This 303 
happens in two scenarios.  The first of these is where there is a planned insertion of 304 
multiple central venous catheters within the same procedure, with the use of multiple 305 
kits. The second of these is the minority of cases where there has been a difficulty in 306 
catheter insertion with the first kit, and a second kit is opened.  While the locked pack 307 
would not be able to assuredly prevent guidewire retention in either of these situations, 308 
they represent a small minority of reported retained guidewire incidents (2.5%)17 and 309 
the locked pack approach could still substantially mitigate the risk of this never event in 310 
the substantial majority of cases. To circumvent this problem, one could use an 311 
equivalent number of locked packs on the sterile field, however we are in the process of 312 
exploring this area with a view to design improvements to address the problem. 313 
Concurrently, we are also exploring the expansion of the locked pack to other Seldinger 314 
techniques, which are associated with guidewire retention such as chest drain 315 
insertions. 316 
Importantly, one must remember that while engineered solutions provide 317 
greater assurance of safety, no single intervention, on its own, represents a foolproof 318 
solution. The introduction of safety initiatives are not designed to remove the need to 319 
cognitively engage during the procedure, but to minimize error and aid the operator to 320 
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perform their job safely. If introduced clinically, we believe the locked pack will improve 321 
patient safety and protect clinicians from making this error.  322 
Conclusion  323 
A retained central venous catheter guidewire is a never event. Current preventative 324 
solutions are dependent on the operator remembering to remove the guidewire. Using 325 
human factors engineering principles, we have designed a safety intervention, a novel 326 
locked procedure pack which acts to ensure the operator always removes the guidewire, 327 
thereby preventing the never event. We have tested the solution with forced-error 328 
simulation testing – a novel clinical application of methodology that is validated in the 329 
high reliability industries. We believe that adoption of this technique can not only 330 
improve patient safety, but also protect clinicians from making this error.   331 
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Appendix 1 418 
Developing the novel procedure pack  419 
Retained guidewires during the central venous catheter placement occur at a ‘critical 420 
point’ in the procedure – when the catheter is placed over the guidewire.  At this point, if 421 
the clinician is inexperienced or distracted, they can forget that the guidewire has not 422 
been removed. Without realizing this, they will continue to advance the catheter, and 423 
finish the procedure by securing the catheter in place. Guidewire retention is then often 424 
discovered on or after the initial check x-ray and even at this stage migration may not 425 
have occurred and removal is often possible.14,17 426 
A novel procedure pack was designed to ensure removal of the guidewire after 427 
the ‘critical moment.’ Normally, after the guidewire is removed from the patient and in 428 
order to complete the central venous catheter procedure, the following equipment is 429 
needed: suture, suture holder and antimicrobial dressing. We developed a locked pack 430 
with a key-lock mechanism, which contained the suture, suture holder and antimicrobial 431 
dressing (figure 2). The guidewire is used as a key. It is inserted into the lock, and 432 
remaining inside the lock, is used as a handle to open the lid of the locked pack, to allow 433 
the operator to access the suture, suture holder and antimicrobial dressing (figure 3). 434 
Therefore, the only way in which the operator can access the contents to complete the 435 
procedure is by firstly removing the guidewire from the patient after the ‘critical point’. 436 
This ensures that the clinician remembers to remove the guidewire, as they are unable 437 
to complete the procedure without doing so. As an additional safety feature, a sharps 438 
sticker was placed at the base of the locked pack and instructions for use on the 439 
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underside. Once the suture, suture holder and dressings have been removed, the sharps 440 
sticker becomes visible (figure 4). The now empty locked pack becomes a convenient 441 
and safe container for collecting the sharps used during the central venous catheter 442 
insertion.  The used sharps are placed inside the locked pack and the lid is securely 443 
closed, with the guidewire safely retained inside the locking mechanism (figure 4, if 444 
required, it is possible to remove the guidewire from the locked pack). The locked pack 445 
is then disposed of into the sharps bin (see Video, supplemental Digital Content 1, which 446 
illustrates the instructions for use of the novel locked pack). 447 
 448 
Prototype Locked pack: This was a box of dimensions 3cm height x 10cm width x 20cm 449 
length (figure 2). This contained all the equipment required to complete a central 450 
venous catheter insertion procedure from the moment immediately after the guidewire 451 
should have been removed: the suture, suture holder and antimicrobial dressings. The 452 
lid was designed flush to the box and held shut with a magnet inset into the lid and a 453 
metal plate on the box. This made the lid unable to be gripped and opened. The magnet 454 
held the lid closed even if inverted and the contents shaken.  455 
Opening mechanism: A light bulb-shaped channel within the lid accepts a guidewire as 456 
large as 10G in size. The guidewire easily passes round the channel and emerges 457 
through an identical second hole parallel to the entry hole (figure 3). After passing a 458 
guidewire this leaves two ends which forms a convenient handle. The lid is easy to open 459 
with counter-traction provided by the angular force of lifting the newly created 460 
guidewire handle. 461 
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The prototype procedure pack lid firmly closes again so that following the procedure it 462 
could be used as a point of care sharps receptacle and guidewire retainer to facilitate 463 
safe disposal (figure 4). 464 
 465 
 466 
 467 
 468 
 469 
  470 
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 471 
Figure legends  472 
Figure 1: A) A flow diagram detailing the methodology of the simulation study. B) a 473 
blown up version of the manikin clearly displaying the guidewire within the catheter 474 
lumen, 1) shows the guidewire within the catheter lumen, 2) showing the tip of the 475 
guidewire just protruding from the brown hub, but not visible within the clear hub. 476 
 477 
Figure 2: A prototype of the locked pack, which contains the contents required to 478 
complete a central venous catheter insertion: suture, suture holder and antimicrobial 479 
dressing. The locked pack is in the closed position and appears, as it would be 480 
introduced onto the sterile field of the central line trolley. A) the magnet in the lid and 481 
metal plate in the base, which holds the pack closed in the locked position. B) are the 482 
entry and exit channels for the guidewire, C) is the guidewire channel, through which 483 
the guidewire is inserted, D) is the hinge of the lid of the locked pack. Prototype courtesy 484 
of Venner Medical Technologies, Singapore. 485 
 486 
Figure 3: Showing the locked pack which can only be opened with the guidewire. A1) 487 
step 1, the tip of the guidewire is inserted into entry opening of the channel. B2) step 2, 488 
the guidewire is pushed through the light bulb shaped channel until the tip emerges 489 
from the exit of the channel. B3) step 3, both of the ends of the guidewire will protrude 490 
from the channel. C4) step 4, both ends of the guidewire are gripped with fingers and it 491 
is used as a handle to open the lid of the box. D5) step 5, counter traction is applied by 492 
placing fingers placed on the bottom shelf. D6) step 6, the ends of the guidewire are used 493 
 27 
as a handle and pulled upwards, to open the lid of the locked pack and allow the user to 494 
access the contents.  495 
 496 
Figure 4: The locked pack becomes a convenient sharps disposal. A1) the sharps from 497 
central venous catheter insertion are placed inside the pack. B2) The lid is closed, 498 
securing the sharps inside the locked pack. B3) the guidewire remains inside the 499 
channel of the lid. The whole apparatus is then disposed of into the sharps bin.  500 
 501 
 502 
Supplemental Digital Content 503 
Supplemental Digital Content 1: Video which illustrates the instructions for use of the 504 
novel locked pack. mp4  505 
